Introduction {#s0001}
============

Prostate cancer is a common male genitourinary tumor. Recently, the incidence rate has increased year over year, and is a serious threat to men's health.[@cit0001] Endocrine therapy is effective in patients with early-stage prostate cancer, but after 14 to 30 months of median treatment, most patients will gradually progress to castration-resistant prostate cancer (CRPC), where endocrine therapy has small effects.[@cit0002]

Cabazitaxel (CBZ) is a novel taxane antitumor drug approved by the FDA for the treatment of prostate cancer, especially for patients with CRPC.[@cit0003],[@cit0004] It is the 7.10-OH methyl etherification product of docetaxel and can diaplay an antitumor effect by interfering with the cellular microtubule network.[@cit0005],[@cit0006] Due to methyl etherification, it has a weaker affinity for P-glycoprotein than paclitaxel and docetaxel, so it has a stronger inhibitory effect on cancer cells that are tolerant to paclitaxel and docetaxel, especially for patients with metastatic prostate cancer for who docetaxel is ineffective or causes aggravation.[@cit0007]--[@cit0010] In 2010, the FDA approved the marketing of CBZ injection developed by Sanofi combined with prednisone to treat patients with castration-resistant metastatic prostate cancer who had previously received a docetaxel-containing regimen. However, due to the poor water solubility of CBZ, the solubilizing agent Tween 80 was added to the clinical application of the injection, which may cause adverse reactions such as severe allergic reactions, including systemic rash/erythema, hypotension, and bronchospasm.[@cit0011]--[@cit0013] Additionally, the toxicity, adverse reactions and poor tumor selectivity of CBZ itself cause the clinical applications of CBZ to be extremely limited.[@cit0014],[@cit0015] Therefore, it is urgent to develop a new drug delivery system that can achieve high-efficiency and low-toxicity therapeutic effects.

Nano-drug delivery systems, as carriers of antitumor drugs, can extend the half-life of the drugs in vivo, improve tumor targeting, and reduce toxicity.[@cit0016]--[@cit0018] The materials of the nano-drug delivery system mainly include natural biodegradable and synthetic high molecular weight polymers.[@cit0019] Among them, natural biodegradable nanocarriers are widely used due to their biodegradability, biocompatibility, and low toxicity. Natural biodegradable carrier materials include albumin, gelatine, soybean, collagen, and polysaccharides such as chitosan, agarose, dextran, hyaluronic acid, sodium alginate, carrageenan, and cyclodextrin.[@cit0020]--[@cit0023] Among them, serum albumin nanoparticles have been widely studied and have many advantages: (1) serum albumin is an endogenous substance that is non-toxic, biodegradable, water-soluble, non-immunogenic, and good biocompatibility. (2) it has a good ability to accumulate in tumor sites; (3) its unique structure can significantly increase the solubility of hydrophobic drugs and reduce the side effects of drugs; and (4) it is easy to modify.[@cit0024],[@cit0025] The successful application and excellent efficacy of the commercially available formulation paclitaxel albumin nanosuspension demonstrates the clinical potential of albumin carriers. Albumin is classified into different types depending on the source, including ovalbumin (OVA), bovine serum albumin (BSA), and human serum albumin (HSA). Among them, BSA and HSA have been widely used as nano-drug carriers.[@cit0026]--[@cit0028] The preparation method of albumin nanoparticles mainly includes the desolvation method, spray drying method, high-pressure homogenization method, salting out method, ultrasonic method, and so on.[@cit0029]--[@cit0033] Most of these methods require the addition of organic solvents or cross-linking agents, which are not safe or environmentally friendly. Therefore, it is necessary to find a more suitable preparation method for albumin nanoparticles for better applications in drug delivery.

In this study, BSA was used as a nano-carrier material to construct CBZ-loaded BSA nanoparticles (CBZ-BSA-Gd-NPs) by biomineralization of the magnetic metal element gadolinium (Gd). The preparation method is simple and environmentally friendly without the use of an organic solvent or a cross-linking agent. Morevoer, because Gd is a contrast agent, CBZ-BSA-Gd-NPs can realize the integration of diagnosis and therapy. Then, the hemolysis of erythrocytes, and the inhibition and uptake of tumor cells in vitro, the pharmacokinetics, and tissue distribution in vivo, and the antitumor activity of CBZ-BSA-Gd-NPs in nude mice was evaluated comprehensively. The prepared CBZ-BSA-Gd-NPs can overcome the allergic reaction from Tween 80 and realize the integration of diagnosis and therapy of prostate cancer.

Materials and Methods {#s0002}
=====================

Reagents {#s0002-s2001}
--------

CBZ, GdCl~3~·6H~2~O, and Tween 80 were obtained from Dalian Meilun Biotech Co., Ltd. (Dalian, China). BSA was purchased from Biofroxx (Einhausen, Germany). Acetonitrile and methanol (high-performance liquid chromatography \[HPLC\]-grade) were obtained from Merck (Darmstadt, Germany). Other organic solvents were purchased from Sinopharm (Shanghai, China). RPMI-1640 medium, penicillin-streptomycin, trypsin, and phosphate-buffered saline (PBS) were obtained from Thermo Scientific HyClone (IL, USA). Foetal bovine serum (FBS) was purchased from Invitrogen (CA, USA).

Cell Culture {#s0002-s2002}
------------

Human prostate cancer PC-3 and LNCAP cells were purchased from American Type Culture Collection (VA, USA) and maintained in a humidified atmosphere of 5% CO~2~ at 37°C. The cells were cultured in RPMI-1640 medium supplemented with 10% FBS, 100 U/mL penicillin, and 100 μg/mL streptomycin.

Animals {#s0002-s2003}
-------

Sprague-Dawley (SD) rats (male, 220 ± 20 g) and BALB/c nude mice (male, 6 weeks) were purchased from the Shanghai Experimental Animal Center of the Chinese Academic of Sciences (Shanghai, China). All animal procedures were approved by the Committee on Animals of the Second Military Medical University. All animal procedures were performed in accordance with the guidelines of the Animal Committee of the Second Military Medical University for the Welfare of animals. Before use in experiments, the mice were allowed to acclimate for one week.

Preparation of the CBZ-BSA-Gd-NPs {#s0002-s2004}
---------------------------------

CBZ-BSA-Gd-NPs were prepared by the biomineralization method. Brieﬂy, 5 mL of GdCl~3~·6H~2~O (0.4 mg/mL) was slowly added to a solution of BSA (1 mg/mL) with stirring for 3 min (500 rpm). Then, 5 mL of sodium hydroxide solution (0.2 mg/mL) was added, followed by stirring at room temperature. Finally, a CBZ solution (20 mg/mL) dissolved in DMSO was added, and stirring continued for 30 min.

Characterization of CBZ-BSA-Gd-NPs {#s0002-s2005}
----------------------------------

The particle size and zeta potential of CBZ-BSA-Gd-NPs were determined by dynamic light scattering (DLS) using a Zetasizer Nano S (Malvern Instruments, UK). The morphology of the CBZ-BSA-Gd-NPs was evaluated by transmission electron microscopy (TEM). Briefly, one drop of the properly diluted suspension was deposited on a carbon-coated copper grid and negatively stained with a 1% phosphotungstic acid solution for 5 min. After air-drying, the samples were imaged by TEM.

In vitro Relaxometry {#s0002-s2006}
--------------------

Various concentrations of CBZ (0.02, 0.04, 0.08, 0.16, and 0.32 mM, calculated as the concentration of Gd^3+^) were measured using a 3.0 T MRI system. The T~1~ (longitudinal relaxation time) and T~2~ (transverse relaxation time) were measured, and the relaxation rates were calculated to evaluate the contrast agents.

Stability Evaluation {#s0002-s2007}
--------------------

To study the stability of the nanoparticles in vitro, CBZ-BSA-Gd-NPs were added to PBS buffer. Then, the nanoparticles were placed at 37 °C, and an aliquot of nanoparticles was taken at different time points (0, 1, 2, 4, 6, 8, 12, and 24 h) to measure the particle size. The colloidal stability of the nanoparticles was reflected by the changes in their particle size.

To investigate the stability of the drug contained in the nanoparticles, the in vitro leakage rate of CBZ-BSA-Gd-NPs was determined by dialysis. CBZ-BSA-Gd-NPs (0.5mL) were transferred into a dialysis bag (MWCO 14 kDa, Spectra/Por), which was immersed in 10 mL of PBS solution containing 30% isopropanol at 37 °C. At different time points, a 0.5 mL aliquot of release medium was removed to determine the amount of drug leakage into the medium.

Hemolysis Assay {#s0002-s2008}
---------------

To evaluate the hemolytic properties of CBZ-Tween 80 and CBZ-BSA-Gd-NPs, CBZ-Tween 80 (dissolved in Tween 80 and 13% \[w/w\] ethanol at a ratio of 15:57 \[w/w\]) and different concentrations of CBZ-BSA-Gd-NPs (dissolved in 0.9% saline) were incubated in a suspension of red blood cells at 37 °C for 2 h and then centrifuged at 3000 rpm for 10 min. PBS and distilled water were used as a negative (0% lysis) and positive control (100% lysis), respectively. The supernatant was aspirated and the OD value was measured at a wavelength of 540 nm using a microplate reader. The hemolysis rate was calculated by the following formula:$$\documentclass[12pt]{minimal}
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where OD~sample~, OD~negative~, and OD~positive~ indicate the OD value of the samples, negative and positive controls, respectively.

Cytotoxicity Assay {#s0002-s2009}
------------------

The cytotoxicity of the nanoparticles in PC-3 and LNCAP cells was evaluated by a CCK-8 assay. Briefly, PC-3 cells were seeded in 96-well plates and incubated overnight. The cells were then incubated with varying concentrations of CBZ-BSA-Gd-NPs, blank nanoparticles, CBZ-Tween 80 and Tween 80 for 24 h. The cell viability was analysed by the CCK-8 kit, and the absorbance was measured at 450 nm.

In vitro Cellular Uptake {#s0002-s2010}
------------------------

The cellular uptake of the nanoparticles into PC-3 and LANCAP cells was examined by flow cytometry. Briefly, PC-3 cells were seeded in 48-well plates at a density of 2.5 × 10^4^ per well and incubated overnight. The cells were then treated with 1 µM CBZ-BSA-Gd-NPs-FITC for 0.5, 1, 2, and 4 h. The cells were digested and incubated with 400 μL of 4% formaldehyde solution for 10 min. The amount of intracellular fluorescence was detected by flow cytometry to calculate the cellular uptake.

Pharmacokinetic Study {#s0002-s2011}
---------------------

Twelve SD rats (male, 220 ± 20 g) were randomly divided into two groups (six rats per group). The rats were fasted for 12 h before the test and were given free access to water. The rats were intravenously administered CBZ-Tween 80 and CBZ-BSA-Gd-NPs at a CBZ dose of 8 mg/kg. Three hundred microliters of plasma was collected from the fossa orbitalis vein into heparinized centrifuge tubes at 0.08, 0.25, 0.5, 1, 2, 4, 6, 8, 10, 12, 24 and 48 h, and centrifuged at 8000 rpm for 10 min. The supernatants were obtained and stored at −20 °C. All plasma samples were pre-treated as described below: 25 μL of plasma sample was mixed with 25 μL of internal standard (IS) solution (paclitaxel, 50 ng/mL), 25 μL of acetonitrile, 100 μL of water and 800 μL of methyl tert-butyl ether. After vortexing, the sample was centrifuged at 10,000 rpm for 5 min at 4 °C. Then, 800 μL of the supernatant was dried under a nitrogen stream and resuspended in 150 μL of acetonitrile for HPLC-MS/MS analysis. The plasma concentrations of CBZ was determined using an Agilent Technologies 1260 series LC/MS system (Agilent, USA) equipped with a Symmetry C18 column (3.0 × 100 mm, 3.5 μm, Waters, USA). The mobile phase was composed of 40:60 (v/v) 0.1% aqueous formic acid/acetonitrile, and the flow rate was 0.8 mL/min, and the column temperature was maintained at 40°C. Mass spectrometry conditions were as follows: ion source, electrospray ionization source (ESI source); detection method, positive ion detection; scanning method, multiple-reaction monitoring (MRM) mode; ion source temperature, 170 °C; ion source gas 1 (N~2~), 421.5 kPa; ion source gas 2 (N~2~), 486.4 kPa; and the MRM transitions were set at 836.4\> 555.2 (m/z), and 854.3\>486.1 (m/z) for CBZ and the IS, respectively. Pharmacokinetic parameters were calculated using DAS software.

In vivo Tissue Distribution {#s0002-s2012}
---------------------------

PC-3 cells (2 × 10^6^/mouse) were injected subcutaneously into BALB/C nude mice (male, 6 weeks old, approximately 20 g). When the tumor volume reached 150 mm^3^, the mice were randomly divided into three groups (six mice per group): saline, CBZ-Tween 80 and CBZ-BSA-Gd-NPs. All formulations were injected via the tail vein at a CBZ dose of 10 mg/kg. At the time points of 1, 12, and 24 h, mice were euthanized. Heart, liver, spleen, lung, kidney, and tumor samples were excised. The tissue samples were rinsed with saline, weighed, and stored at −80°C until HPLC-MS analysis of CBZ.

In vivo MRI {#s0002-s2013}
-----------

The PC-3 cell-derived subcutaneous tumor model was established as described above. Five hundred microliters of a CBZ-BSA-Gd-NP suspension was injected via the tail vein at a dose of 0.1 mg/kg Gd. The coronal spin-echo T1-weighted MRI images were acquired before and 1 h, 12 h, and 24 h after administration using a 3.0 T MRI system equipped with a mouse imaging coil. The parameters were as follows: TR: 500 ms; TE: 10 ms; FOV: 100 mm; slice thickness: 2 mm; and NSA: 3. The MR data were processed using ImageJ software.

In vivo Antitumor Assays {#s0002-s2014}
------------------------

The in vivo antitumor activity of the nanoparticles was assessed in a PC-3 cell-derived subcutaneous tumor model as described above. The mice were randomly divided into three groups (six mice per group): saline, CBZ-Tween 80 and CBZ-BSA-Gd-NPs. At days 1, 3, 5, 7, and 9, all formulations were injected via the tail vein at a CBZ dose of 10 mg/kg. Startig from the day of the first administration, the changes in body weight and tumor volume of the mice were measured every 3 days. The tumor volume was calculated with the following formula: tumor volume = 0.5 × length × width^2^. Additionally, the mice were sacrificed, and the heart, liver, spleen, lung, kidney, and tumor tissues were collected and stained with haematoxylin and eosin (H&E) for histopathological examination.

Statistical Analysis {#s0002-s2015}
--------------------

Data in this study were analysed using SPSS 18.0 software (SPSS, Inc., IL, USA). Statistical analysis was performed by Student's unpaired t-tests and ANOVA. \*P \< 0.05; \*\*P \< 0.01.

Results {#s0003}
=======

Characterization of CBZ-BSA-Gd-NPs {#s0003-s2001}
----------------------------------

In this research, CBZ was successfully encapsulated into BSA nanoparticles through the biomineralization method. The particle size of CBZ-BSA-Gd-NPs was 166.3±4.2 nm with a PDI of 0.253, and the zeta potential was −18.21 ± 1.08 mV ([Figure 1A](#f0001){ref-type="fig"}). As demonstrated by the TEM image ([Figure 1B](#f0001){ref-type="fig"}), the morphology of CBZ-BSA-Gd-NPs was spherical.Figure 1Characterization of CBZ-BSA-Gd-NPs. (**A**) The size distribution of CBZ-BSA-Gd-NPs as determined by DLS. (**B**) TEM image of CBZ-BSA-Gd-NPs. (**C**) Longitudinal relaxation rate (r~1~=1/T~1~) and tranversal relaxation rate (r~2~=1/T~2~) as a function of Gd^3+^ concentration.

In vitro Relaxometry {#s0003-s2002}
--------------------

To evaluate the relaxation of the nanoparticles, the longitudinal relaxation rate (r~1~=1/T~1~) and transverse relaxation rate (r~2~=1/T~2~) of the CBZ-BSA-Gd-NPs were determined ([Figure 1C](#f0001){ref-type="fig"}). The CBZ-BSA-Gd-NPs exhibited r~1~ values of 3.294 s^−1^/mM Gd^3+^ and r~2~ values of 4.356 s^−1^/mM Gd^3+^, with a low r~2~/r~1~ ratio of 1.322, which indicates high relaxation efficiency and is expected to be useful for tumor diagnosis and realize the integration of diagnosis and treatment.

Stability Evaluation {#s0003-s2003}
--------------------

The stability of CBZ-BSA-Gd-NPs in PBS was investigated. As shown in [Table 1](#t0001){ref-type="table"}, after incubation at 37°C for 24 h, the particle size was unchanged and maintained at approximately 170 nm, which indicated that CBZ-BSA-Gd-NPs had good stability in PBS.Table 1Stability of CBZ-BSA-Gd-NPs in PBS at 37°CTime (h)012481224Particle size(nm)166.1166.7166.9167.3168.4168.6169.1PDI0.2560.2490.2610.2630.2660.2820.294

The results from the in vitro leakage test showed that the drug leakage rate was less than 5% within 6 h at 37 °C, indicating that CBZ-BSA-Gd-NPs were stable and compatible, and could be used for subsequent in vivo pharmacokinetic and pharmacodynamic studies.

Hemolysis Assay {#s0003-s2004}
---------------

To determine whether CBZ-BSA-Gd-NPs are safe for intravenous injection, a hemolysis assay was performed ([Figure 2A](#f0002){ref-type="fig"}). The hemolysis rate of CBZ-Tween 80 was higher than that of the CBZ-BSA-Gd-NPs, as the hemolysis rate of CBZ-BSA-Gd-NPs was less than 5% in the range of 0.01--0.5 mg/mL, which means no hemolysis and meets the requirements of injection administration.Figure 2In vitro hemolysis assay, cytotoxicity and cell uptake of CBZ Tween 80 and CBZ-BSA-Gd-NPs. (**A**) hemolysis assay of CBZ Tween 80 and CBZ-BSA-Gd-NPs in a suspension of mice red blood cells; (**B**) cytotoxicity in PC-3 cell of CBZ Tween 80 and CBZ-BSA-Gd-NPs; (**C**) cytotoxicity in LNCAP cell of CBZ Tween 80 and CBZ-BSA-Gd-NPs; (**D**) cell uptake into PC-3 cell of CBZ Tween 80 and CBZ-BSA-Gd-NPs; (**E**) cell uptake into LNCAP cell of CBZ Tween 80 and CBZ-BSA-Gd-NPs; Data are presented as means ± standard deviations (n = 3).

Cytotoxicity Assay {#s0003-s2005}
------------------

The CCK-8 method was used to determine the cytotoxicity of nanoparticles to PC-3 and LNCAP cells ([Figure 2B](#f0002){ref-type="fig"} and [C](#f0002){ref-type="fig"}). The results showed that blank nanoparticles had no obvious cytotoxicity at the specified concentrations, indicating the safety of the drug delivery system. CBZ, CBZ-Tween-80, and CBZ-BSA-Gd-NPs had significant and similar inhibitory effects on PC-3 and LNCAP cells in a concentration-dependent manner, with IC~50~ values of 2.41 ± 0.21 μM, 2.38 ± 0.38 μM, and 4.91 ± 0.21 μM, respectively.

In vitro Cellular Uptake {#s0003-s2006}
------------------------

To determine the cellular uptake of nanoparticles into PC-3 and LNCAP cells, the fluorescence intensity in the cells was detected by flow cytometry ([Figure 2D](#f0002){ref-type="fig"} and [E](#f0002){ref-type="fig"}). PC-3 cells were treated with CBZ-BSA-Gd-NPs-FITC nanoparticles for 0.5, 1, 2, and 4 h, and the fluorescence intensity gradually increased when the incubation time increased, indicating that internalization occurred in a time-dependent manner.

Pharmacokinetic Study {#s0003-s2007}
---------------------

The plasma concentration-time curves for CBZ after administration of CBZ Tween 80 and CBZ-BSA-Gd-NPs are shown in [Figure 3A](#f0003){ref-type="fig"}. The plasma drug concentrations of CBZ Tween 80 and CBZ-BSA-Gd-NPs showed significant differences after intravenous administration for 5 min; 3.087 μg/mL for CBZ Tween 80 versus 5.143 μg/mL for CBZ-BSA-Gd-NPs. During drug clearance, the drug clearance rate in the plasma of CBZ Tween 80 was faster, and no drug was detected after 8 h, while the drug was still detectable in the plasma of the CBZ-BSA-Gd-NPs treatment group at 48 h. This demonstrated that CBZ-BSA-Gd-NPs had a slower clearance rate and longer circulation time in vivo than CBZ-Tween 80.Figure 3Pharmacokinetics and tissue distribution of CBZ after treatment with CBZ Tween 80 and CBZ-BSA-Gd-NPs at different time points. (**A**) The mean plasma concentration-time profiles for CBZ. (**B**) Tissue distribution of CBZ at 1 h, 12 h, and 24 h after administration. Data are presented as means ± standard deviations (n = 6). \**P* \<0.05, \*\**P* \<0.01.

The two-compartment model was used to calculate the pharmacokinetic parameters, including the peak plasma concentration (C~max~), elimination half-life (t~1/2~), area under the curve (AUC~0\~∞~), and mean residence time (MRT~0\~∞~) ([Table 2](#t0002){ref-type="table"}). Compared to CBZ-Tween 80, the t~1/2~ and AUC~0\~∞~values of CBZ-BSA-Gd-NPs were significantly higher (P\<0.05), indicating a slower clearance rate and longer circulation time, which can lead to a higher plasma concentration and improve efficacy.Table 2Pharmacokinetic Parameters of CBZParametersUnitCBZ Tween 80CBZ-BSA-Gd-NPs*t~1/2~*h14.76±2.3125.39±3.54^a^*AUC~0\~∞~*ng/mL•h10,896.93±109.6317,557.27±182.56^a^*C~max~*ng/mL3087.67±136.863143.43±112.11*CL*mL/min/kg0.0014±0.00020.0007±0.000013*MRT~0\~∞~*h8.76±1.9613.24±2.88[^2]

In vivo Tissue Distribution {#s0003-s2008}
---------------------------

The distribution of CBZ in the heart, liver, spleen, lung, kidney and tumor tissues at 1, 12, and 24 h after intravenous administration of CBZ-Tween 80 and CBZ-BSA-Gd-NPs at a dose of 10 mg/kg is shown in [Figure 3B](#f0003){ref-type="fig"}. Over time, the concentrations of CBZ in most organs after treatment with CBZ-BSA-Gd-NPs were significantly reduced. At the early time point of 1 h, the concentration of CBZ in the tumors of mice treated with CBZ-BSA-Gd-NPs was lower than that after CBZ Tween 80 treatment. However, the drug concentration in the tumor tissue in the CBZ-BSA-Gd-NPs group was significantly higher 24 h post-injection. It was indicated that CBZ-BSA-Gd-NPs could not only avoid the allergic side effects caused by Tween-80 but also passively target tumor tissue and release drugs slowly.

In vivo MRI {#s0003-s2009}
-----------

Since CBZ-BSA-Gd-NPs contain the contrast agent Gd, they can be used as a probe for MRI to evaluate the in vivo distribution of nanoparticles. MRI was performed at different time points after injecting CBZ-BSA-Gd-NPs via the tail vein ([Figure 4](#f0004){ref-type="fig"}). The results showed that the signal in the tumor area increased significantly after injection and gradually increased with time, reaching a peak at 12 h. This demonstrated that CBZ-BSA-Gd-NPs could play a diagnostic role in tumor therapy and realize the integration of diagnosis and treatment.Figure 4In vivo PC-3 tumor-bearing MRI. (**A**) T1-weighted MRI images of tumor-bearing mice. (**B**) T1-weighted MRI images processed by ImageJ software. Images were collected at different times: pre injection, 1 h, 12 h, and 24 h post-injection.

In vivo Antitumor Assays {#s0003-s2010}
------------------------

The therapeutic efficacy of CBZ-BSA-Gd-NPs and CBZ-Tween 80 was evaluated in a human prostate cancer xenograft model. The body weights and tumor volumes of the mice were monitored during treatment. The body weights of mice in each group did not change significantly in the first three days. After 6 days, the body weight of each group began to decrease, and the weight loss of the CBZ-BSA-Gd-NP group was smaller than that of the CBZ Tween 80 group ([Figure 5A](#f0005){ref-type="fig"}). Both CBZ-BSA-Gd-NPs and CBZ Tween80 inhibited tumor growth. Moreover, CBZ-BSA-Gd-NPs had a stronger inhibitory effect on tumors than CBZ Tween 80, which may be due to the prolonged retention time and sustained release of the drug, which increased the amount of drug accumulation at the tumor site ([Figure 5B](#f0005){ref-type="fig"} and [C](#f0005){ref-type="fig"}).The detailed tumor growth changes in three groups of mice after administration, including the median value and tumor range, are shown in the [[Supplemental Table 1](https://www.dovepress.com/get_supplementary_file.php?f=258856.docx)]{.ul}. To further evaluate the safety of the nanoparticles, H&E staining of heart, liver, spleen, lung, kidney and tumor sections of each treatment group was examined ([Figure 6](#f0006){ref-type="fig"}). CBZ-BSA-Gd-NPs had no significant differences in all tissues when compared to saline. These results demonstrated that CBZ-BSA-Gd-NPs had significant antitumor activity with minimal systemic toxicity in PC-3 xenografts.Figure 5Antitumor activity of CBZ on prostate cancer tumor-bearing nude mice treated with intravenous injections of CBZ Tween 80 and CBZ-BSA-Gd-NPs (10 mg/kg), saline was used as a control. (**A**) Body weights of the mice during the experiment. (**B**) Tumor growth curves. (**C**) The images of the excised tumor. Data are presented as means ± standard deviations (n = 6). \**P* \<0.05.Figure 6H&E stained pathological sections of various organs on prostate cancer tumor-bearing nude mice treated with intravenous injections of CBZ Tween 80 and CBZ-BSA-Gd-NPs (10 mg/kg), saline was used as a control. Bars represent 50 μm under 100X magnifier. Data are presented as means ± standard deviations (n = 6).

Discussion {#s0004}
==========

Prostate cancer is an androgen-dependent tumor that can be treated by traditional endocrine therapy. However, when the disease progresses to CRPC, traditional endocrine therapy fails and it is impossible to continue to effectively control prostate cancer. CBZ, a novel taxane antitumor drug, has a significant therapeutic effect on CRPC and is widely used in clinical practice. However, due to the addition of Tween-80, commercial CBZ injections have significant toxic side effects, requiring corticosteroid administration indicating the need to develop improved formulations. Therefore, in this study, CBZ-BSA-Gd-NPs were prepared to improve the water solubility and biocompatibility of CBZ.

At present, various nano-drug delivery systems have been used to reduce side effects and prolong the circulation time of CBZ, mainly including nanoparticles, micelles, and lipid microspheres.[@cit0034]--[@cit0037] However, most of these studies are still in the basic research stages and cannot effectively achieve clinical transformation. Albumin nanoparticles have the advantages of safety, non-toxicity, and good biocompatibility. Moreover, Abraxane, which consists of albumin paclitaxel NPs, has already been widely used with success for the clinical treatment of breast cancer. Therefore, in this study, BSA was used to synthesize CBZ-BSA-Gd-NPs by the biomineralization of Gd^3+^. The BSA-mediated biomineralization method has the advantages of simplicity, reproducibility, good biocompatibility and stability, and has good application prospects in clinical diagnosis and treatment.[@cit0038] The prepared nanoparticles have a narrow particle size distribution and good stability. Additionally, blood compatibility of the drug carrier for intravenous injection is critical. Therefore, the in vitro haemolytic activity of CBZ-BSA-Gd-NPs was evaluated, and the results showed excellent blood biocompatibility, indicating that this formulation is suitable for intravenous administration. The pharmacokinetic results of the rats showed that CBZ-BSA-Gd-NPs had obvious sustained release characteristics compared to CBZ-Tween 80. The drug was encapsulated by nanoparticles, which prolonged the drug retention time in the body, reduced the clearance rate, and maintained a higher plasma concentration. All of these factors are conducive to the efficacy of the drug. In tissue distribution study, CBZ-BSA-Gd-NPs reduced the accumulation of drugs in the heart, liver, spleen, lung, and kidney, thereby reducing the toxicity in these organs. However, its accumulation in tumor tissues was been improved, mainly due to the passive targeting therapy of tumors by the EPR effect of the nanoparticles. Therefore, CBZ-BSA-Gd-NPs exhibited significant antitumor activity against PC-3 xenografts and had little effect on the body weights of the mice. Although albumin as a carrier has excellent biological properties in the nano-drug delivery system, its ability to target tumors needs to be further optimized. In our study, although CBZ-BSA-Gd-NPs improved the tumor-targeting ability, which mainly relies on the passive targeting of albumin, there is still a certain distribution in the heart, liver, spleen, lung, and kidney. Therefore, further chemical modifications of albumin are needed to promote better targeting to tumors and exert an antitumor effect.

In addition, CBZ-BSA-Gd-NPs are expected to be used for tumor diagnosis due to the addition of the contrast agent Gd^3+^. Gd-DTPA is one of the most commonly used MRI contrast agents in the clinic with a certain T1 enhancement. The contrast agent based on Gd is a paramagnetic contrast agent, and the relaxation coefficient r1 can evaluate the contrast effect of the contrast agent to some extent.[@cit0039],[@cit0040] The relaxivity of CBZ-BSA-Gd-NPs was approximately 3.294 s^−1^/mM, which was equivalent to that of Gd-DTPA (3.246 s^−1^/mM). Additionally, the transverse relaxivities of CBZ-BSA-Gd-NPs and Gd-DTPA were further measured to compare the r2/r1 ratio. The r2/r1 ratios of CBZ-BSA-Gd-NPs and Gd-DTPA were found to be 1.322 and 1.372, respectively. Thus, CBZ-BSA-Gd-NPs could be used as a promising MRI agent due to their comparable r2/r1 ratio to Gd-DTPA.

In summary, our results showed that CBZ-BSA-Gd-NPs could prolong the circulation time and reduce side effects, exhibiting excellent tumor targeting and antitumor activity compared to CBZ Tween 80 injection.

Conclusion {#s0005}
==========

In this study, CBZ-BSA-Gd-NPs were prepared by the biomineralization method, which can overcome the allergic reaction of Tween 80. Compared with CBZ-Tween 80 injection, CBZ-BSA-Gd-NPs have much lower hemolysis, similar tumor inhibition, enhanced cellular uptake in vitro and better pharmacokinetic behavior. CBZ-BSA-Gd-NPs not only had a passive targeting effect on tumor tissue but also achieved a better tumor inhibitory effect with a safer profile. Therefore, CBZ-BSA-Gd-NPs could serve as an effective therapeutic drug carrier to deliver CBZ into prostate cancer and have the potential to clinically diagnose and treat prostate cancer in the future.
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